We report on a laser generated and detected surface acoustic wave method for evaluating the elastic constants of micro-crystals composing polycrystalline steel. The method is based on the measurement of surface wave velocities in many microcrystals oriented randomly relative to both the wave propagation direction and the sample surface. The surface wave velocity distribution is obtained experimentally thanks to the scanning potentiality of the method and is then compared to the theoretical one. The inverse problem can then be solved, leading to the determination of three elastic constants of the cubic symmetry micro-crystals. Extensions of the method to the characterization of texture, preferential orientation of micro-crystals or welds could be foreseen.
I. INTRODUCTION
Most metals are, in the solid state, polycrystalline materials. They are composed of several crystallites of different sizes and orientations. Among those, austenitic steels are widely used in industry for their particular mechanical and thermal properties 1, 2 .
Considering the wide range of associated processes and final metallic products with various desired properties, the key steps towards fine control of high quality materials and processes could start with the identification of the micro-crystals orientations and geometries (for instance with micro-tomographic methods 3 ), the evaluation of effective elastic properties by an average approach 4, 5 , the determination of the elastic constants of the constituents and the study of the grain boundary elastic properties (for instance with methods recently developed for surface breaking crack characterization [6] [7] [8] [9] [10] ).
Several techniques have been developed to characterize the microstructure and to assess surface material properties by using surface acoustic waves (SAW) or velocity as the contrast mechanism, as this varies with crystallographic orientation. Ultrasonic techniques that use surface acoustic waves (SAWs) for materials characterization include acoustic microscopy, conventional ultrasonics (contact or immersion), surface Brillouin scattering and laser ultrasonics. Among these techniques, contact techniques such as ultrasonic reflectivity and acoustic microscopy suffer from the couplant perturbation. Although, Brillouin scattering is noncontact, a high-quality sample surface is required and the signal to noise ratio tends to be rather poor due to the small proportion of Brillouin scattered photons resulting in extremely long measurement times. The laser generation and detection of ultrasound has been developed and proved to be a powerful tool to investigate SAWs [11] [12] [13] [14] [15] [16] .
Laser ultrasonics is an optical pump-probe technique allowing to analyze the propagation of bulk and surface waves without direct contact with the sample. For surface acoustic waves (SAW), the generated signal frequencies can be as high as several GHz, limited usually by the spatial structure of the laser spot focused on the surface (its diameter or spatial periodicity of fringes). Consequently, SAW of micro-scale wavelength can be generated and a typical propagation experiment can be carried out for source-detection distances of a few dozens of micrometers, sufficiently small to be achieved in a single micro-crystal.
The elastic properties characterization of a micro-crystal is a problem with three unknowns which can be: the crystallographic orientation relative to the surface and the wave propagation direction, the micro-crystal elastic parameters, and the velocity of acoustic waves.
For instance, measurement of slowness surface knowing the elastic parameters provides the orientation of the considered crystal 13 , while an optimization on the measured phase velocities in an oriented sample can provide an estimation of elastic parameters 17 . SAW waves in polycrystalline materials have also been used to monitor the propagation of waves through interfaces by time resolved measurements 14 .
We report in this article, a method to evaluate the elastic properties of the micro-crystals composing a polycrystalline sample. It is based on multiple measurements of the SAW velocities in randomly oriented micro-crystals, performed for the same direction propagation relative to the sample. As a result, different SAW velocities are extracted, providing a distribution of velocities, each having a probability of occurrence. The inversion of the problem consists of obtaining the three elastic constants of the cubic micro-crystals from the measured distribution of velocities.
The paper is organized as follows. In Sec.II, the characteristics of the sample and of the experimental laser ultrasonics set-up are presented. In Sec.III the necessary theoretical elements relating the elastic constants of a cubic symmetry crystal arbitrarily oriented to the SAW velocities are recalled. In Sec.IV typical experimental results are presented followed by a discussion about different causes of errors in Sec.V. Finally, the implemented method of inversion leading to the evaluation of the elastic parameters is detailed.
II. METHOD AND SAMPLES

A. Sample characteristics
The studied sample is made of austenitic steel, with a cast composition Fe The structural complexity of the material is visible and the locations designed by A and B are representative of the two categories of measurements done with the pump and probe laser spots. The pump is shown by the elongated spot while the probe is symbolized by the circular spot. Due to the heterogeneity in sizes and shapes of the micro-crystals, some of the measurements done while scanning the sample correspond to waves that propagates in a unique crystal (denoted by A in Fig.1 ) but a non negligible part of the signals will correspond to the propagation of waves through several crystals interfaces as in the case B shown in Fig.1 . The influence of this kind of measurement is later detailed in Sec.V.
As presented in Sec.II B, the detection of the SAW pulse is based on the deflection of a laser beam reflected by the perturbed surface of the sample. To maximize this reflection and improve the quality of experimental signals, the surface of the studied sample is polished mechanically. As a result, the optical quality of the surface is ensured however the micro-crystalline structure is not visible anymore. 
B. Experimental setup
The generation of the SAW is performed via thermo-elastic effect induced by the absorption of a pump laser pulse represented by the elongated ellipse in Fig. 1 (top) . The pump laser has an optical wavelength of 1064 nm and the pulse duration is close to 0.75 ns with a repetition rate of 1 kHz. The pump laser beam is focused on the sample surface into an streched ellipse (small diameter ∼ 5 µm, big diameter ∼ 100 µm) in order to generate plane surface waves. The second laser, used for probing the waves at the sample's surface, is shown by the circular spot in Fig.1 . This probe laser is continuous, at optical signals because they do not present specific characteristics unlike the longitudinal wave, which is always the fastest, or the surface wave, which amplitude is an order of magnitude larger than the others.
III. SURFACE WAVES IN CRYSTALS
In this section, the main formulas leading to the eigenvalue problem to be solved to obtain the surface wave velocities for a semi infinite anisotropic crystal are recalled. The propagation direction of the surface wave is taken in the x 1 direction and the x 2 axis is oriented normally to the surface, pointing towards the solid bulk. The elastic properties of the material are described by the elastic stiffness tensor c ijkl (i, j, k, l = 1, 2, 3) which is usually reduced to a 6×6 matrix c αβ following the index reduction rules (11 → 1, 22 → 2, 33 → 3, 23 or 32 → 4, 13 or 31 → 5, and 12 or 21 → 6).
The problem is here expressed in terms of displacement and stress components as in
Ref. 19 , in order to obtain a matricial formulation of the problem similar to Refs. 20 and 21. The displacement components u n (n = 1, 2, 3) along the direction x n can be written in a form of harmonic wave propagating along x 1 axis
where U n is a complex amplitude fonction, K is the wavenumber, ω the pulsation, and
By the use of the stress-strain relationship,
the motion equation,
and the stress expression T ij = Kt ij (Kx 2 )e ı(ωt−Kx 1 ) , the following differential matrix system is obtained,
where
v = ω/K is the SAW phase velocity, and the prime " ′ " symbol denotes the partial derivative over Kx 2 .
To determine the surface wave velocity, the condition of free stress at the surface is considered,
For given value of surface acoustic wave velocity v, the eigenproblem (4) is solved.
The corresponding eigenvalues and eigenvectors are substituted in (5). The value of v for which (5) is fullfilled is the velocity of the surface waves. The solution for this particular problem has been demonstrated to be unique 20, 21 . In some cases, this solution corresponds to the velocity of the Rayleigh wave 22, 23 or to the velocity of the pseudo-surface wave 24, 25 .
The above theoretical procedure for SAW velocity calculation is then numerically implemented to obtain an histogram representation of the SAW velocities in random propagation directions and for randomly oriented crystal surfaces. In the following, a comparison is made between the numerically and experimentally obtained SAW velocity histograms.
Then, an inversion procedure on the SAW velocity histograms is applied to estimate the elastic parameters of the tested material. planes of a single anisotropic crystal.
IV. SAW VELOCITIES FOR DIFFERENT CRYSTAL ORIENTATIONS
Consequently, the theory presented in the Sec.III providing the surface wave velocity in one crystal depending of the surface orientation and propagation direction can be used to obtain a theoretical histogram. To do this, the cut plan is chosen randomly as well as the propagation direction and one velocity is theoretically obtained. This procedure is repeated many times with randomly chosen orientations to build the histogram. For instance, Fig.4 shows the results obtained for iron ( In the next section, limitations of the method are discussed. Then, the histogram rep-resentation is shown to be a specific signature of the elastic properties of a polycrystalline material, and an inversion procedure is applied to the velocity distributions, in order to evaluate the elastic constants of the corresponding material.
V. LIMITATIONS OF THE METHOD
A. Effect of Boundary crossing
While the automation of the set-up allows the acquisition of many signals, the optical quality of the surface is essential for the all-optical set-up to work in the best conditions and to loose the minimum of experimental data. This means that before the measurement, the surface of the sample must be polished and then the polycrystalline structure is not visible anymore.
Consequently, while scanning the surface, the position of the spots relative to the crystal interfaces is unknown and the measurements can be expected to correspond to the two situations shown in Fig. 1 . The case noted B shows the configuration of the laser spots where the detection spot is in another crystal than the generation spot. In this situation, the time of flight of the wave can be expected to correspond to a linear combination of the local velocities in the two crossed crystals. The probability to be in the situation B is directly linked to the ratio between the propagation distance and the size of the crystallites which can become a problem when crystal size is smaller and smaller.
On the other hand, with the actual set-up the propagation distance can not be reduced under around 15 µm. At shorter propagation distance it is difficult to separate the different acoustic waves overlapping in time. Experimentally, it is not possible to find out wether a signal corresponds to the propagation of waves through an interface or not. Nevertheless, considering a propagation distance of 42.8 µm and the average size of the crystals of our sample between 88 µm and 125 µm, the probability of boundary crossing should roughly not exceed 50%. 
B. Effect of time of flight estimation uncertainty
VI. INVERSE PROBLEM OF ELASTIC PARAMETER EVALUATION
A. Inversion procedure
As shown in Sec.III, from the elastic parameters of a material, the surface wave velocity in a chosen direction of propagation can be directly obtained. However, here the experimental situation is the opposite, the elastic parameters of the material are a priori unknown, the orientations of crystals too and only the surface wave velocities can be assessed.
We start from the assumption that a given velocity distribution is characteristic of a set of elastic parameters, the inversion procedure is thus based on the minimization of a cost function between the histogram we have at our disposal and numerical histograms calculated for sets of known elastic parameters.
To check the inversion procedure, the cost function value quantifying the error between the histogram presented in Fig.4 and a test histogram obtained from three known values of (c 11 , c 12 , c 44 ) and for 1000 propagation directions is represented in the 3D space of parameter values (c 11 , c 12 , c 44 ) in Fig.7 .
The cost function in this inversion procedure has been chosen as follows. First, the same velocity bins are used for the two compared histograms. Second, for each velocity bin i the occurence values are compared using the parameter E i defined as
and A ref i
are the value of the bin i of respectively the test histogram and reference histogram. Then, the cost function CF can be expressed as
with E the mean value of E, σ(E) the standard deviation of E and E = {E 1 , E 2 , ..., E N } the vector expressing all the errors E i on the different bins. In the inversion procedure, the minimum of the cost function value is found through a minimization procedure starting from initial parameter values. The choice of initial parameters can have a strong influence on the computation time of the inversion procedure but we found no influence on the convergence of the solution. In Table I the results of six different runs of the minimization process (OPTIM) are shown. The inversion procedure gives parameters close to the real ones (the error is in average less than 5%) but slightly underestimated. Variations in the results arise from the limited number of random orientations used for the calculation of test histograms in each run.
Taking the average values of the estimated elastic parameters presented in Table I a 
B. Inversion on experimental data
In order to check the existence of an unique set of elastic parameters as solution of a histogram representation of velocities, Fig.9 shows the cost function value between a test histogram computed with a triplet of elastic parameters corresponding to its space coordinates and a reference histogram. Here the reference histogram is the one represented in Fig.3 which is deduced from a set of 850 velocities measured experimentally on the surface of the steel sample.
The zone of minimal error is more spread in the 3D space than for the theoretical case presented in Fig.7 . This can be explained by the error factors discussed in Sec.V. Nevertheless, the absolute minimum of error is identified, and corresponds to the set of parameters Table II . Taking the average value of elastic parameters of the Table II obtained 
VII. CONCLUSION
A method to evaluate the elastic parameters of a polycrystalline material is reported, based on the analysis of multiple SAW velocities measured thanks to an all-optical pumpprobe system. The surface of the studied steel sample is scanned and the measured local velocities of the SAW are used in the form of a distribution function. Considering a sample with random orientations of cubic crystallites of the same phase, the velocities that can be measured on its surface are analogous to the velocities assessed in different random orientations of a unique crystal. It is shown that this distribution is a signature of the anisotropic elastic properties of the crystallites without any prior information about the orientation of individual crystallites. The velocity distribution also shows a non trivial form, some peculiar velocities being measured more often than others.
It is checked that a histogram representation is specific to a unique set of elastic parameters, and can be consequently used in an inversion procedure to estimate the corresponding 
The minimum velocity can be directly calculated knowing that the roots of a third order polynome can be expressed 
Considering the real solution of the polynomial expression, the following 
